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crosstalk between G protein-coupled receptors (GPCR) and small G proteins, and it is well documented that GPCR signaling through heterotrimeric G proteins can lead to the activation of Rac, Ras, and Rho GTPases (5, 6) . Therefore, inhibition of Rho, Ras, and Rac, whose proper membrane localization and function are dependent on isoprenylation, may play an important role in mediating the pleiotropic effects of statins (5, 6) .
A recent study demonstrated that statins prevent ANG IIinduced cellular and organ damage, such as the proliferation of aortic vascular smooth muscle cells (VSMC) and cardiac hypertrophy, by blocking activation of the janus kinase (JAK)/ signal transducers and activators of transcription (STAT) pathway (7) . We previously showed that high glucose (HG) augments ANG II-induced activation of JAK2 in GMC and VSMC (1, 2, 15) . In addition, we found that HG alters the activation of the JAK/STAT pathway in vivo through ANG II in rat kidney glomeruli by inducing phosphorylation of JAK2 kinase and STAT1 and STAT3 proteins (3) . In streptozotocin (STZ)-induced diabetic rats, administation of the JAK2 inhibitor AG490 reduced both systolic blood pressure and urinary protein excretion (3) . To our knowledge, these are the first observations identifying the increased activation of JAK2 in an in vivo model of glomerular dysfunction.
In the current study, our goal is to elucidate the mechanisms by which simvastatin inhibits the activation of JAK2 in response to HG and ANG II. Once activated, JAK2 phosphorylates and activates the STAT transcription factors, which, in turn, induce production of the extracellular matrix (ECM) protein collagen IV in GMC thus promoting the development of diabetic nephropathy (1) . We, therefore, predict that statins may inhibit GMC synthesis of ECM by antagonizing HG-and ANG II-induced activation of the JAK/STAT signaling cascade. The current study tests this concept in both cell culture and in vivo in an STZ-induced rat model of type 1 diabetes.
MATERIALS AND METHODS
Isolation and culture of GMC. GMC were obtained from isolated, collagenase-treated rat glomeruli as previously described (1) . In brief, glomeruli were harvested from male 275-to 300-g Sprague-Dawley rats by filtration with ice-cold 0.9% NaCl solution through a 200-, 150-, 120-, and 50-mm nylon mesh. Those retained on the sieve were collected, washed by centrifugation (4°C; 2,000 g), and incubated with 250 U/ml collagenase (type I) for 30 min at 37°C under constant, gentle shaking. GMC were plated on plastic tissue culture flasks in DMEM (pH 7.4) in normal glucose (NG; 5.5 mM) or HG (25 mM) or NG plus mannitol (19.5 mM). Culture medium was supplemented with 17% (vol/vol) fetal bovine serum, 100 U/ml penicillin, 100 g/ml streptomycin, 0.5 U/ml insulin, and 10 l/ml of Fungizone. Cells were incubated at 37°C in humidified 5% CO 2-95% air. The culture media was not changed for the first 4 days. Thereafter, the medium was changed every other day until confluence. Subsequently, cells were subcultured at a 1:6 split ratio at 7-day intervals, and the medium was changed at 2-day intervals. GMC, passages 1-6, were grown to 75-85% confluence, washed once with serum-free DMEM, and growth-arrested in serum-free DMEM in NG for 24 h to synchronize the cell growth. After this time period, the media was changed to fresh serum-free media containing NG, HG, or NG plus mannitol in the presence or absence of 5 M simvastatin for 24 h before ANG II stimulation.
Activation and preparation of simvastatin. Simvastatin was prepared by opening the lactone ring and activating it. Briefly, we took 42 mg of the native simvastatin and dissolved it in 1 ml of 95% ethanol. We then added 0.15 ml of 0.1 N NaOH and after heating at 50°C for 2 h, we then took the resulting solution and neutralized it with HCl to a pH of ϳ7.2. We then brought up the solution to a volume of ϳ3 ml with distilled water. Following freeze drying, the open ring form of simvastatin was then dissolved in distilled water to a concentration of 100 mM and aliquots were stored frozen (Ϫ80°C) until use for both the in vivo or in vitro studies.
Activation of JAK and STAT proteins. To identify the phosphorylation state of JAK2 and the STAT proteins, serum-starved GMC grown in either NG (5.5 mM glucose) or HG (25 mM glucose) pretreated with either geranylgeranyltransferase cell-permeable inhibitor (GGTI) GGTI-286 or farnesyltransferase cell-permeable inhibitor (FTI) Manumycin A or simvastatin for 24 h in the presence or absence of GGPP or FPP. After all the pretreatments indicated, GMC were stimulated with ANG II (100 nmol/l) for the times indicated. At the end of the stimulation period, cells were washed twice with ice-cold PBS-V (PBS with 1 mmol/l Na 3VO4). Each dish was then treated for 60 min with ice-cold lysis buffer (20 mmol/l Tris ⅐ HCl, pH 7.4, 2.5 mmol/l EDTA, 1% Triton X-100, 10% glycerol, 1% deoxycholate, 0.1% SDS, 10 mmol/l Na4P2O7, 50 mmol/l NaF, 1 mmol/l Na3VO4, and 1 mmol/l PMSF), and the supernatant fraction was obtained as cell lysate by centrifugation at 58,000 g for 25 min at 4°C. Protein concentration for each sample was assessed by a modification of the Bradford method (1, 2) .
Subsequently, samples were resolved by SDS-PAGE (10%), transferred to nitrocellulose membranes, and blocked by a 60-min incubation at room temperature (22°C) in TTBS (TBS with 0.05% Tween 20, pH 7.4) plus 5% skimmed milk powder. Nitrocellulose membranes were incubated overnight at 4°C with affinity-purified antiphospecific JAK and STAT antibodies (namely JAK2, and STAT1, STAT3, respectively). Subsequently, nitrocellulose membranes were washed twice for 10 min each with TTBS and incubated for varying times with goat anti-rabbit IgG horseradish peroxidase conjugate. After extensive washing, bound antibody was visualized on Kodak Biomax film using a Pierce Supersignal substrate chemiluminescence detection kit. Molecular weight markers were electrophoresed simultaneously with samples.
Collagen IV ELISA. Type IV collagen was measured by competitive ELISA (1) using type IV collagen from an Engelbreth-HolmSwarm (EHS) tumor as the standard, rabbit anti-mouse type IV collagen as the primary antibody (both from Collaborative Research, Medford, MA), and horseradish peroxidase-conjugated goat antirabbit IgG (Bio-Rad, Hercules, CA) as the secondary antibody. The assay was performed on media collected at the end of the experimental incubation period.
STZ-induced diabetes. All studies were conducted with the approval of the Medical College of Georgia animal care and use committee in accordance with National Institutes of Health Guide for the Care and Use of Laboratory Animals. Male Sprague-Dawley rats (225-250 g) from Harlan Laboratories (Indianapolis, IN) were rendered diabetic by a single intravenous injection of streptozotocin (STZ; 50 mg/kg) made up in fresh 0.1 M citrate buffer, pH 4.5 (3). Rats were given STZ via the tail vein. Age-matched control rats received buffer only. The diabetic state was confirmed 72 h later by measurement of tail blood glucose (BG) level using the Accu-chek glucometer. All rats given STZ had a blood glucose concentration exceeding 15 mM and thus were considered diabetic.
Two groups of STZ-treated rats were studied: a control diabetic group and a group treated with simvastatin (5 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 ) via Alza miniosmotic pumps implanted subcutaneously (n ϭ 12 each). All rats in these experiments were treated daily with 2 U of insulin (Humulin, Eli Lilly, Indianapolis, IN) administered subcutaneously (sc) to prevent ketoacidosis. Animals were fed standard Purina rat chow (Ralston Purina, Richmond, IN), had free access to tap water ad libitium, and were kept on a 12:12-h light-dark cycle.
Isolation of glomeruli. Glomeruli were harvested as previously described (3). Briefly, 4 wk following STZ or control buffer injection, rats were anesthetized with pentobarbital sodium and kidneys were removed, decapsulated, and placed in ice-cold 0.9% NaCl solution. Kidneys were separated into cortex and medulla, and cortical tissue was minced with a razor blade and pressed against a 0.3-mm stainless steel grid or a 150-m nylon mesh filter. Large, fibrous tissues were retained on the grid surface, whereas glomeruli and tubular segments passed through. The glomeruli were isolated by filtration through a 70-m nylon mesh in ice-cold 0.9% NaCl solution. Material retained on the sieve was collected, washed by centrifugation (4°C; 2,000 g), and suspended in 50 mM Tris ⅐ HCl (pH 7.4). Tissue was maintained at 4°C during the entire isolation procedure. The purity of the glomerular suspensions was assessed by light microscopy; final preparations were estimated to be at least 95% glomeruli. Glomerular suspensions were homogenized for 1 min in a Polytron (setting 7), centrifuged at 40,000 g for 20 min, and resuspended for 60 min with ice-cold lysis buffer (20 mM Tris ⅐ HCl, pH 7.4, 2.5 mM EDTA, 1% Triton X-100, 10% glycerol, 1% deoxycholate, 0.1% SDS, 10 mM Na 4P2O7, 50 mM NaF, 1 mM Na3VO4, and 1 mM PMSF). The supernatant fraction was obtained by centrifugation at 58,000 g for 25 min at 4°C. Protein concentration for each sample was assessed by a modification of the Bradford method (1) (2) (3) .
Urine albumin analysis. Urine albumin concentrations were determined as described previously (3) .
Chemicals. Molecular weight standards, acrylamide, SDS, N-NЈ-methylene-bisacrylamide, N,N,NЈ,NЈ-tetramethylenediamine, protein assay reagents and nitrocellulose membranes were purchased from Bio-Rad Laboratories, and collagenase type I was from Worthington Biochemical (Freehold, NJ). Protein A/G-agarose was obtained from Santa Cruz Biotechnology (Santa Cruz, CA), and DMEM, fetal bovine serum, trypsin, and all medium additives were obtained from Mediatech (Herndon, VA). Monoclonal antibodies to phosphotyrosine (PY20), JAK2, STAT1, and STAT3 were procured from Transduction Laboratories (Lexington, KY). Anti-phosphotyrosine antibodies for STAT1 and STAT3 were purchased from New England Biolabs (Beverly, MA), and anti-phosphoserine STAT1 and STAT3 antibodies were acquired from Upstate Biotechnology (Lake Placid, NY). Anti-phosphotyrsosine JAK2 antibody was obtained from Biosource International (Camarillo, CA). The Pierce Supersignal substrate chemiluminescence detection kit was obtained from Pierce (Rockford, IL). Goat anti-mouse IgG and anti-rabbit IgG were acquired from Amersham (Princeton, NJ). Simvastatin, Tween 20, ANG II, geranylgeranyltransferase cell-permeable inhibitor GGTI-286 and farnesyltransferase cell-permeable inhibitor (FTI) Manumycin A were all obtained from Calbiochem (La Jolla, CA). All other chemicals were purchased from Sigma (St. Louis, MO).
Statistics. Quantitation of band density was performed using NIH Image (Scion USA). Band density is reported in arbitrary densitometry units and analyzed with a two-way ANOVA and a StudentNewman-Kuels post hoc test. In vivo data were analyzed with a 
RESULTS
Effect of simvastatin and isoprenoids on HG-and/or ANG II-induced JAK/STAT signaling pathway activation. Our group recently showed that HG augments the ANG II-induced activation of the JAK/STAT signaling pathway in both GMC and VSMC, which leads to growth and proliferation in both cell types (1, 2, 15, 16) . In this study, we focused on JAK2 activation in GMC. As shown in Fig. 1 , pretreatment of GMC with simvastatin (5 M) for 24 h significantly inhibited JAK2 activation induced by HG and ANG II (100 nM) for the times indicated. We also examined whether simvastatin decreased both HG-and ANG II-mediated activation of the STATs. Pretreatment with simvastatin significantly inhibited both HGand ANG II-mediated tyrosine and serine phosphorylation of STAT1 (Fig. 2) and STAT3 (Fig. 3) . Although the serine phosphorylation of STAT1 (Fig. 2) in the presence of ANG II and NG/HG was completely blocked by simvastatin, STAT1 tyrosine phosphorylation was more persistent (Fig. 2) . ANG II-induced tyrosine phosphorylation of STAT1 in NG was completely blocked by simvastatin (Fig. 2) . However, in HG, ANG II-induced tyrosine phosphorylation of STAT1 was attenuated, but not completely blocked, by simvastatin (Fig. 2) . The serine and tyrosine phosphorylation of STAT3 in NG conditions were blocked completely by simvastatin (Fig. 3) . The same was true of tyrosine phosphorylation of STAT3 in HG. However, serine phosphorylation of STAT3 in HG in the presence of ANG II was attenuated, but not completely blocked, by simvastatin (Fig. 3) . Total protein levels of JAK2, STAT1, and STAT3 were not changed in the presence of these treatments (Figs. 1B, 2B, and 3B) .
As previously stated, recent studies also showed that statins exhibit additional beneficial effects beyond their cholesterollowering properties by preventing the synthesis of isoprenoid intermediates, such as FPP and GGPP (5, 6) . Therefore, to determine the role of these two isoprenoids derived from mevalonate in regulating the inhibitory effect of simvastatin on both the HG-and ANG II-induced activation of JAK2, both HG-and ANG II-stimulated GMC were cotreated with simvastatin (5 M) in the presence or absence of GGPP (10 M) or FFP (10 M). As shown in Fig. 4 , cotreatment of cells with GGPP but not with FPP reversed the inhibitory effect of simvastatin. These data suggest that the modulatory effect of simvastatin on JAK2 phosphorylation is geranylgeranyl dependent. To assess the significance of GGPP, we also tested the transferase inhibitor GGTI-286 which specifically blocks the geranylgeranylation of small GTP-binding proteins of the Rho family. As shown in Fig. 5 , GGTI (5 M) evoked similar effects on JAK2 activation to that seen with simvastatin. On the other hand, treatments with the farnesyltransferase-specific inhibitor Manumycin A (5 M) had no effect (Fig. 5) . These results suggest that geranylgeranylation but not farnesylation plays a critical role in the ability of simvastatin to block both the HG-and ANG II-induced activation of JAK2. Therefore, HG-and ANG II-induced activation of JAK2 depends on the activation of the geranylated Rho family of GTPases, but not on the farnesylated Ras (5, 6) .
Effect of simvastatin on HG-and ANG II-induced production of collagen IV.
Previously, we reported that ANG II induced the production of collagen IV in GMC incubated in either NG or HG media. We found that when GMC were incubated in medium alone for 48 h, baseline concentrations of collagen IV were 395 ng/mg cell protein for GMC grown in NG media and 825 ng/mg cell protein for GMC grown in HG media (1) . These results indicate that collagen IV was constitutively produced by GMC and that HG induced a significant increase in its synthesis. We also found that incubation of GMC with ANG II for 48 h increased production of collagen IV in a dose-dependent manner, with the peak concentration observed at 100 nM (1) . In addition, we have also identified that JAK2 was necessary for both HG-and ANG II-induced collagen IV protein production (1) . In this study, we found that preincubating GMC for 24 h with 5 M simvastatin significantly inhibited both the ANG II-and HG-induced collagen IV protein synthesis in GMC (Fig. 6) . Thus signaling events downstream of HMG-CoA reductase are required by ANG II and the HG to induce the synthesis of collagen IV.
Effect of simvastatin on the diabetes-induced activation of JAK and STAT proteins and protein excretion in vivo.
We previously documented that both HG and ANG II have the ability to activate both JAK and STAT proteins through the AT 1 receptor in GMC both in vitro and in vivo (1, 3) . Therefore, we investigated the in vivo effect of simvastatin on the phosphorylation of JAK/STAT in the glomeruli of diabetic rats. Glomeruli were isolated from STZ-treated rats 4 wk after induction of diabetes. For these studies, we examined the tyrosine phosphorylation of JAK2, and both tyrosine and serine phosphorylation of STAT1 and STAT3. In control animals (C; nondiabetic), the phosphorylation of JAK2, STAT1, and STAT3 was minimal (Fig. 7) . In contrast, in the diabetic state (S), the phosphorylation of JAK2, STAT1, and STAT3 was significantly elevated (Fig. 7) . Treatment of diabetic animals with simvastatin (SS) strongly suppressed the phosphorylation Fig. 4 . Effects of farnesyl pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP) on the simvastatin inhibition on both the HG-and ANG II-induced activation JAK2 in GMC. GMC were incubated in fresh serum-free medium containg either NG, HG, or NG in the presence of simvastatin (5 M) for 24 h with or without 10 M FPP and 10 M GGPP before ANG II stimulation. Immunoblotting on cell extracts was then performed for pJAK2 and total JAK2, as described. Results are representative of 3 experiments. Fig. 5 . Effects of FPP and GGPP inhibitors on the HG-and ANG II-induced activation JAK2 in GMC. GMC were incubated in fresh serum-free medium containg either NG, HG, or NG in the presence or absence of either the FPP inhibitor Manumycin A (FTI; 5 M) or the GGPP inhibitor GGTI-286 (GGTI; 5 M) before ANG II stimulation. Cell extracts were then immunblotted for pJAK2 and total JAK2, as described. Results are representative of 3 experiments. Fig. 6 . Effect of simvastatin on the HG-and ANG II-induced production of collagen IV by GMCs. GMC were preincubated for 24 h in the presence/ absence of simvastatin (5 M) and then exposed to NG or HG medium in the presence/absence of ANG II (100 nM) for an additional 48 h. Collagen IV production was assessed as described in MATERIALS AND METHODS. Results represent the means Ϯ SE of 4 independent cultures and are expressed as nanograms of collagen IV per cell protein content. ANG II induced a significant increased in collagen IV synthesis in both NG (*P Ͻ 0.01) and HG (ϩϩP Ͻ 0.01) conditions compared with control levels. This ANG II-induced production of collagen IV was significantly inhibited by simvastatin in NG (**P Ͻ 0.01) and HG (##P Ͻ 0.01). HG alone also induced a significant increased (ϩP Ͻ 0.01) in collagen IV synthesis that was significantly inhibited (#P Ͻ 0.05) by simvastatin.
of these transcription factors in glomeruli and while the pSTAT1 band was completely inhibited, there was strong attenuation of immunoreactive bands corresponding to pJAK2 and pSTAT3 (Fig. 7) . These results indicate that simvastatin has a prominent effect on hyperglycemia-induced activation of JAK2 and the STAT1 and STAT3 transcription factors in vivo. Finally, in the STZ-treated diabetic rat, concurrent treatment with simvastatin significantly reduced albumin protein excretion (Fig. 8) . Albumin protein excretion is an early sign of kidney damage associated with diabetes (3). These results, therefore, demonstrate that simvastatin also blocks the ANG II-induced activation of the JAK/STAT pathway and glomeruli damage in the diabetic environment in vivo.
DISCUSSION
ANG II-and HG-induced GMC dysfunction appears to be directly linked to inflammation and ECM deposition (6, 8) . The glomerulus is a key regulator of renal and overall metabolic homeostasis (3). In diabetes, high levels of glucose impact GMC function through many mechanisms. One key mechanism involves the activation of the JAK/STAT pathway (1, 3, 16) . For example, we previously reported that exposure of GMC to HG induces the tyrosine phosphorylation of JAK2, which is accompanied by the tyrosine and/or serine phosphorylation of STAT1 and STAT3 (1) . The activation of JAK2 was essential for both ANG II and hyperglycemia-induced collagen IV production and GMC growth (1) . Furthermore, we also demonstrated that the activation of JAK2 and STAT1 proteins was a requirement for the HG-induced production of TGF-␤ and fibronectin in GMC (16) . We also recently reported that HG stimulated the glomerular phosphorylation of JAK2, STAT1, and STAT3 in vivo and that phosphorylation was reduced in rats treated with the AT 1 receptor blocker candesartan and the JAK2-specific inhibitor AG-490 (3). Finally, we also reported that both candesartan and AG-490 inhibited STZ-induced increases in urinary protein excretion (3). These results indicate that the JAK/STAT pathway plays a very important role in the GMC growth and ECM deposition that occurs during diabetic nephropathy. In the current study, we examined the effect of the HMG-CoA reductase inhibitor, simvastatin, on the activation of JAK2, STAT1, and STAT3, in parallel with its effect on collagen production in GMC in vitro and protein excretion in vivo.
Statins, including simvastatin, have been shown to prevent or reverse injury in a variety of cardiovascular and renal diseases (5, 6, 10) . In addition to their well-established action in lowering cholesterol levels, statins can also prevent or reverse vascular dysfunction by a variety of mechanisms. For example, statins reduce production of ROS, mediators of inflammation, and enhance physiological nitric oxide (NO) production through increased expression and activity of endothelial nitric oxide synthase (eNOS) (4). More specifically, statins have been shown to improve endothelial function in insulinsensitive and -resistant diabetes by increasing both eNOS expression and reducing oxidative stress (4, 17) . Therefore, it is increasingly clear that the protective effects of statins are not confined to their cholesterol-lowering properties (4, 6) .
In this study, we demonstrated that simvastatin suppresses HG/ANG II-induced phosphorylation of JAK2, STAT1, and STAT3 in GMC cell cultures, and in glomeruli from diabetic rats. In addition, we found that simvastatin decreases the production of collagen IV in GMC exposed to HG alone or HG ϩ ANG II. Similarly, simvastatin-treated diabetic rats also displayed a reduction in protein excretion, which is indicative of early kidney damage. Thus activity of HMG-CoA reductase is intimately tied to the activation of JAK/STAT pathways in the diabetic kidney. Furthermore, addition of GGPP reversed the inhibitory effect of simvastatin on JAK2 activation, while incubation with the GGTase inhibitor mimics the effect of simvastatin suggesting that the simvastatin effect is geranylgeranyl dependent in GMC. In support of our results, two recent studies by Danesh and colleagues (5, 18) explored the modulatory effects of simvastatin and geranylgeranylation on both the HG-and ANG II-induced growth of GMC. They report that cotreatment of cells with simvastatin inhibited both HG-and ANG II-induced growth and proliferation of GMC Fig. 8 . In vivo effects of simvastain in urinary protein excretion. Urinary albumin excretion in control nondiabetic rats (C), STZ-induced diabetic rats (S; *P Ͻ 0.05) from control, and STZ diabetic rats treated with simvastatin (SS; **P Ͻ 0.05 from STZ). Fig. 7 . In vivo effects of simvastatin treatment on the hyperglycemia-induced activation of JAK2, STAT1, and STAT3 in rat kidney glomeruli. Rats were rendered diabetic by one dose of STZ and all diabetic animals (groups labeled S and SS) were treated with insulin (2 U/day sc). Other animals were treated with buffer/vehicle in place of STZ (control). Animals were divided into 3 groups: C (nondiabetic controls; no STZ; n ϭ 3), diabetic animals (S; n ϭ 3), or diabetic animals treated with simvastatin (SS; 5 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 administered subcutaneously via an osmotic minipump; n ϭ 3). After 1 mo, animals were killed and glomeruli were isolated to assess phosphorylation status of JAK2 (tyrosine phosphorylation) and STAT1 and STAT3 (phosphorylation of both tyrosine and serine).
and that the addition of GGPP reversed the inhibitory effect of simvastatin, suggesting that the effect of simvastatin is geranylgeranyl dependent. These observations plus ours in combination with our previous studies demonstrate a direct link between the activation of JAK2/STAT1 and 3, and HG-and ANG II-induced overproduction of ECM in GMC in vitro and in vivo (1, 3, 16 ). In conclusion, our study provides strong evidence that simvastatin modulates the detrimental effects of HG/ANG II in diabetic kidney glomeruli both in vitro and in vivo by preventing the HG-and ANG II-induced geranylgeranyl-dependent activation of Rac or/and Rho and thereby blocking the activation of JAK2 and both STAT1 and STAT3. Therefore, novel therapies based on the inhibition by statins of the ANG II-induced activation of JAK2 may be a route for future treatment of diabetic nephropathy.
